CRISPR-Cas9 has been shown to be a valuable tool in recent years, allowing researchers to precisely edit the genome using an RNA-guided nuclease to initiate double-strand breaks. Until recently, classical RAD51-mediated homologous recombination has been a powerful tool for gene targeting in the moss Physcomitrella patens. However, CRISPR-Cas9-mediated genome editing in P. patens was shown to be more efficient than traditional homologous recombination (Plant Biotechnology Journal, 15, 2017, 122). CRISPR-Cas9 provides the opportunity to efficiently edit the genome at multiple loci as well as integrate sequences at precise locations in the genome using a simple transient transformation. To fully take advantage of CRISPRCas9 genome editing in P. patens, here we describe the generation and use of a flexible and modular CRISPR-Cas9 vector system. Without the need for gene synthesis, this vector system enables editing of up to 12 loci simultaneously. Using this system, we generated multiple lines that had null alleles at four distant loci. We also found that targeting multiple sites within a single locus can produce larger deletions, but the success of this depends on individual protospacers. To take advantage of homology-directed repair, we developed modular vectors to rapidly generate DNA donor plasmids to efficiently introduce DNA sequences encoding for fluorescent proteins at the 5′ and 3′ ends of gene coding regions. With regard to homology-directed repair experiments, we found that if the protospacer sequence remains on the DNA donor plasmid, then Cas9 cleaves the plasmid target as well as the genomic target. This can reduce the efficiency of introducing sequences into the genome. Furthermore, to ensure the generation of a null allele near the Cas9 cleavage site, we generated a homology plasmid harboring a "stop codon cassette" with downstream near-effortless genotyping.
| INTRODUC TI ON
Recent advances in genome editing are actively revolutionizing the fields of genetics, biotechnology, medicine, and agronomics. The creation of double-strand breaks in DNA by site-specific nucleases is an essential step in efficient genome editing. In the last few years, CRISPR has been employed in a wide array of organisms to create double-strand breaks with great success, and the design is quite straightforward (Sander & Joung, 2014) . Adopted from type II CRISPR systems in bacteria, introduction of the Cas9 enzyme and a programmable single-guide RNA (sgRNA) into cells is among the most common to generate controlled DNA double-strand breaks (Jinek et al., 2012; Makarova et al., 2011; Malzahn, Lowder, & Qi, 2017; Sander & Joung, 2014) . The sgRNA contains ~20 bases homologous to a DNA target of interest at the 5' end (known as the protospacer) and a region that binds the Cas9 nuclease (Jinek et al., 2012; Nishimasu et al., 2014) . The Cas9:sgRNA complex binds and cleaves a target DNA sequence if the protospacer is directly 5′ to a protospacer adjacent motif (PAM) on the noncomplementary DNA strand (Jinek et al., 2012; Nishimasu et al., 2014) . Double-strand breaks, which are a form of DNA damage, are repaired by one of two major pathways: nonhomologous end joining or homology-directed repair (also referred to as homologous recombination) (Chang, Pannunzio, Adachi, & Lieber, 2017; Moynahan & Jasin, 2010; Sander & Joung, 2014) . Double-strand breaks repaired by nonhomologous end joining often result in inserted or deleted nucleotides ("indels"), especially when microhomology-mediated end joining (also known as alternative end joining) is employed (Chang et al., 2017) . The resulting indels often disrupt gene function by potentially altering the translational reading frame within a protein-coding region. Alternatively, homology-directed repair uses a DNA template that shares homology with both sides of the break to accurately repair the DNA (Moynahan & Jasin, 2010) . By taking advantage of this pathway, it is possible to precisely alter a gene of interest by providing a DNA "donor" template containing desired modifications together with Cas9 and the sgRNA. However, the overall activity of homology-directed repair is quite low in a variety of organisms, and thus, the majority of double-strand breaks are repaired by nonhomologous end joining (Beucher et al., 2009; Puchta, 2005; Sargent, Brenneman, & Wilson, 1997) .
In plants, CRISPR has been used to perform a variety of gene modifications, including the targeted mutagenesis of genes related to crop yield (Li et al., 2016) as well as host genes required for disease pathogenesis (Pyott, Sheehan, & Molnar, 2016; Wang et al., 2016) . Successful editing events have been reported in rice (Shan et al., 2013) , maize (Liang, Zhang, Chen, & Gao, 2014) , and Arabidopsis thaliana (Feng et al., 2014; Li et al., 2013) , as well as in polyploid crops deemed difficult for gene editing such as strawberry (Wilson, Harrison, Armitage, Simkin, & Harrison, 2019) , wheat , and cotton (Chen et al., 2017; Li, Unver, & Zhang, 2017) , among many others (see Malzahn et al., 2017 for a review). The majority of these gene editing experiments resulted in gene knockout via nonhomologous end joining. Gene targeting using homology-directed repair has been quite challenging in seed plants, with most attempts reporting low success rates (Butler, Baltes, Voytas, & Douches, 2016; Čermák, Baltes, Čegan, Zhang, & Voytas, 2015; Li et al., 2013; Schiml, Fauser, & Puchta, 2014; Shi et al., 2017; Svitashev, Schwartz, Lenderts, Young, & Cigan, 2016; Svitashev et al., 2015) . The model moss Physcomitrella patens has been used over the last few decades to study various fundamental processes of plant biology. P. patens is known to be exceptionally amenable to genetic manipulation due to its ability to perform high rates of homologous recombination, especially when linear DNA is supplied (Kamisugi & Cuming, 2009; Prigge & Bezanilla, 2010; Schaefer & Zryd, 1997) . Recently, both CRISPRmediated gene knockout (using nonhomologous end joining) (LopezObando et al., 2016) and gene knock-in (using homology-directed repair) (Collonnier et al., 2017) have high rates of success in P. patens, including the ability to target multiple genes in a single, transient transformation (i.e., "multiplexing") (Lopez-Obando et al., 2016) .
Here, we describe an efficient and modular CRISPR vector system for use in Physcomitrella patens. In this system, protospacer sequences are synthesized as oligonucleotides and are efficiently ligated into entry vectors containing the sgRNA expression cassette, eliminating the need for gene synthesis. Using Multisite Gateway cloning (Invitrogen), multiple entry vectors recombine with a single destination vector containing Cas9 for efficient multiplexing. By cotransforming three expression vectors with different antibiotic selection cassettes, it may be possible to target up to 12 genomic sites in a single, transient transformation. Here, we showcase the multiplexing capabilities of the system by simultaneously targeting six genes and successfully editing four in one transformation. We show that it is possible to create gene deletions using adjacent sgRNAs. In addition, we describe a simple, yet effective way to clone homology fragments flanking genes encoding fluorescent proteins to efficiently generate donor template DNA for use with homology-directed repair.
Likewise, we introduce a novel concept to use homology-directed repair to knock-in DNA encoding for multiple stop codons in each reading frame to allow for a controlled gene knockout with near-effortless genotyping. Lastly, we explore the issues that arise when donor template DNA contains the protospacer sequence during homology-directed repair experiments and describe ways to avoid these issues.
| MATERIAL S & ME THODS

| Protospacer sequence design and ligation
For each editing experiment, entry vectors were linearized with BsaI. The CRISPOR online software (crispor.tefor.net) (Haeussler et al., 2016 ) was used to design protospacers for each editing experiment using P. patens (Phytozome V11) and S. pyogenes (5′ NGG 3′) as the genome and PAM parameters, respectively. Protospacers were chosen based on high specificity scores and low off-target frequency. The chosen protospacer for a given gene and its reverse complement were then constructed to have 4 nucleotides added to their 5′ ends such that, when annealed, they create sticky ends compatible with BsaI-linearized entry vectors (Figure 2b ). These were synthesized as oligonucleotides (Table S1 ) and annealed together using a PCR machine (500 pmol of each, 10 µl total volume with PCR machine setting: 98°C for 3 min, 0.1°C/s to oligo Tm, hold 10 min, 0.1°C/s to 25°C). The final product was ligated into BsaI-linearized entry vector using Instant Sticky-End Ligation Master Mix (New England Biolabs) following the manufacturer's recommendations.
| Polymerase III promoter assay
To build a CRISPR/Cas9 vector system for P. patens, we wanted to first assess RNA polymerase III promoter efficiency. The NLS-4 moss line contains a transgene that codes for nuclear-localized GFP fused to GUS (NLS-GFP-GUS) as described in Bezanilla, Pan, and Quatrano (2003) . To target NLS-GFP-GUS using a rice U3 promoter, we ligated protospacer oligos into pENTR-OsU3-sgRNA (a gift from Devin O'Connor) to create pENTR-OsU3-sgRNA-NGG. To target NLS-GFP-GUS using a P. patens U6 promoter, we removed the OsU3 promoter from pENTR-OsU3-sgRNA-NGG using an AscI and SalI digest. We subsequently amplified the PpU6 promoter from wild-type P. patens Gransden strain using primers with AscI and SalI sites (Table   S1 ), digested with AscI and SalI, and ligated into linearized pENTROsU3-sgRNA-NGG using Sticky-End Ligation Master Mix (New England Biolabs) following the manufacturer's recommendations.
These entry vectors were recombined with pH-Ubi-Cas9 (Miao et al., 2013) using an LR clonase reaction to create the final expression constructs, pH-Ubi-Cas9-OsU3-NGG and pH-Ubi-Cas9-PpU6-NGG.
Prior to imaging, we removed the labels from the plates such that the images were acquired by a blinded observer and drew a grid on the bottom of the plates to act as guides for counting. We counted 7-day-old plants and recorded the presence or absence of nuclear fluorescence for each plant using a fluorescence stereomicroscope (Leica MZ16FA), equipped with the following filter: excitation 480/40, dichroic 505 long pass, emission 510 long pass.
| U6 promoter/sgRNA entry vector constructs
To generate pENTR-PpU6-sgRNA-L1L2, the first Gateway entry vector for the P. patens vector system, we amplified the PpU6 and sgRNA fragments with two separate PCRs. For the PpU6 fragment, we used a forward primer containing an AscI site and a reverse primer containing two inverted BsaI sites at the 5′ ends (Table S1 ). Similarly, for the sgRNA fragment we used a forward primer containing two inverted BsaI sites and a reverse primer containing a SalI site (Table   S1 ). The two fragments were then ligated using an overlap extension PCR and ligated into pGEM/T-Easy (Promega). Positive clones were digested with AscI and SalI, and the dropout was subsequently ligated into an AscI-and SalI-linearized pENTR-PpU6-sgRNA-NGG plasmid.
To generate the six entry vectors compatible with Multisite Gateway (Invitrogen) for multiplexing experiments, we amplified the sgRNA expression cassette from pENTR-PpU6-sgRNA-L1L2 using primers (Table S1 ) containing different Multisite Gateway attachment sites (attB) and subsequently recombined with the Multisite Gateway pDONR221 plasmid set (Invitrogen) using a BP clonase reaction following the manufacturer's recommendations.
| Cas9/sgRNA destination and expression constructs
To generate the three destination vectors, we purified a fragment containing the Cas9 and Gateway cassette from pH-Ubi-Cas9 (Miao et al., 2013) digested with StuI and PmeI. This fragment was ligated into linearized pMH, pMK, and pZeo vectors by blunt-end ligation to create pMH-Cas9-gate, pMK-Cas9-gate, and pZeo-Cas9-gate.
Sequences are available on AddGene (https ://www.addge ne.org/ kits/bezan illa-crispr-physc omitr ella/). All of the Cas9/sgRNA expression vectors used in this study were generated using Gateway (for one sgRNA) or Multisite Gateway (for multiple sgRNAs) to recombine the entry vectors and destination vectors just described (Invitrogen).
| Homology-directed repair constructs
To generate pENTR-R4R3-stop (the "stop cassette"), we amplified 360 bp of the plasmid pBluescriptSK(+), including the multiple cloning site, with attB4r and attB3r Gateway primers (Table S1 ). The forward primer also contained three stop codons in each frame. We subsequently cloned the PCR fragment into pDONR221-P4rP3r (Invitrogen) using a BP clonase reaction following the manufacturer's recommendations.
To generate the mEGFP and mRuby2 tagging entry vectors, we amplified mEGFP (Vidali et al., 2009 ) and mRuby2 (Lam et al., 2012) coding sequences using forward and reverse primers (Table S1) that contained attB4r and attB3r sites, respectively. The forward primers (Table S1 ) for both mEGFP and mRuby2 also contained a BamHI site.
These PCR products were subsequently cloned into pDONR221-P4rP3r (Invitrogen) using a BP clonase reaction to create pENTR-R4R3-mEGFP-C and pENTR-R4R3-mRuby-C. mEGFP-pGEM, a vector described by Vidali et al. (2009) , contains BamHI and BglII sites flanking the mEGFP coding sequence. We generated mRuby2-pGEM, a vector constructed in the same way as mEGFP-pGEM (Vidali et al., 2009) . We digested these vectors with BamHI and BglII and the resulting fragments were ligated into BamHI-digested pENTR-R4R3-mEGFP-C and pENTR-R4R3-mRuby-C to create pENTR-R4R3-2XmEGFP-C and pENTR-R4R3-2XmRuby-C, respectively. We linearized the resulting 2X constructs with BamHI and ligated the BamHI/BglII fragments from mEGFP-pGEM and mRuby2-pGEM to create the 3X constructs, pENTR-R4R3-3XmEGFP-C and pENTR-R4R3-3XmRuby-C, respectively. To create the mEGFP and mRuby2 N-terminal constructs, the process above was repeated except the attB3r primers (Table S1 ) did not contain stop codons.
| DNA donor templates
We used the three-fragment Multisite Gateway cloning system (Invitrogen) to generate the final homology-directed repair constructs. For Pp3c22_1100, we amplified 2 fragments of approximately 800 bp upstream and downstream of the Pp3c22_1100 stop codon. For Pp3c16_8300, we amplified 2 fragments of approximately 800 bp upstream and downstream of the expected start codon. For both genes, we cloned the upstream fragments into pDONR221-P1P4 and the downstream fragments into pDONR221-P3P2 using a BP clonase reaction. To create the final homology-directed repair DNA donor plasmids, the resulting pENTR vectors from the BP reaction underwent an LR clonase reaction with the secondposition tagging vector (pENTR-R4R3-mEGFP-C for Pp3c22_1100 and pENTR-R4R3-mRuby-N for Pp3c16_8300) and the destination vector, pGEM-gate (Vidali et al., 2009 ).
To restore efficient homology-directed repair while tagging Pp3c16_8300, we performed site-directed mutagenesis on the entry vector containing the 3′ homology fragment (pENTR-L3L2-3c16-3Arm) to create pENTR-L3L2-3c16-3Arm-mut by altering the third nucleotide from the PAM (5' NGG 3') within the protospacer. We repeated the LR reaction using this third-position entry vector to generate pGEM-3c16-mRuby-HDR-mut.
| Moss tissue culture and transformation
We propagated moss tissue weekly by light homogenization and subsequently plated on 10-cm petri dishes to maintain the pro- (2011)). Plants were allowed to regenerate on plant regeneration media (PRMB) for 4 days (described in (Wu & Bezanilla, 2014) ) atop of cellophane disks. Depending upon the selection cassette present on the expression vector, we subsequently moved plants to PpNH4 growth media containing either hygromycin (15 µg/ml), G418 (20 µg/ml), or Zeocin (50 µg/ ml). Plants were not selected for homology-directed repair DNA donor vectors. After 7 days on selection, we moved plants to
PpNH4 media without antibiotics for maximal growth, except for plants that were transformed to compare the efficiency of the rice U3 and moss U6 promoters-those plants remained on selection and were imaged after 2 weeks. All other plants were allowed to grow for 2-3 weeks until tufts were 0.5-1 cm in diameter for DNA extraction.
| DNA extraction and genotyping
We extracted DNA from plants that were 3-4 weeks old (0.5-1 cm in diameter) using the protocol as described in Augustine et al. (2011) . For editing experiments, we used PCR primers (Table S1) surrounding the expected Cas9 cleavage site (~300-400 bp on each side). For homology-directed repair experiments, we used PCR primers outside of the homology region to avoid amplification of residual DNA donor template. To perform PCR, we used Q5 polymerase (New England Biolabs) using the manufacturer's recommendations.
| T7 endonuclease assay
To detect CRISPR edits, we amplified a 0.5 to 1 kb genomic region flanking the potential CRISPR editing site by PCR. The PCR product from each candidate plant was mixed with a roughly equivalent amount of wild-type PCR product of the same locus. The mixture was denatured and annealed in a PCR machine and subsequently digested with 1 µl of T7 endonuclease (New England Biolabs) following the manufacturer's recommendations. We examined the digest on a 1% agarose gel.
| Laser scanning confocal microscopy
For confocal imaging, moss protonemal tissue was grown in microfluidic imaging device as described in Bascom, Wu, Nelson, Oakey, and Bezanilla (2016 
| RE SULTS
| Optimal expression of the sgRNA results in high-efficiency editing
The P. patens U6 promoter has recently been shown to be successful in driving guide RNA expression in P. patens (Collonnier et al., 2017; Lopez-Obando et al., 2016) . To test whether RNA polymerase III promoters from other organisms could be used in moss, we compared the efficiency of genome editing using either a rice U3 or the P. patens U6 promoter to drive expression of the guide RNA. As a rapid visual test for genome editing, we designed a protospacer that targets the 5′ end of the coding sequence of green fluorescent protein (GFP) (Figure 1a ). The final Cas9 expression plasmids harboring either the PpU6 or the OsU3 promoter were then transformed separately into NLS-4, a moss line that stably expresses nuclear-localized GFP fused to β-glucuronidase (GUS) (Bezanilla et al., 2003) .
Thus, plants lacking nuclear green fluorescence after transformation represent genome editing events leading to a loss-of-function mutation in the GFP:GUS fusion protein.
After two weeks on selection, we imaged transformed plants using fluorescence microscopy to visualize the presence (or absence) of nuclear fluorescence. We found that plants transformed with the 
| Flexible vector system enables simultaneous targeting of multiple genomic sites
Here, we present the development of a vector system that rapidly and flexibly allows for simultaneous targeting of multiple genomic sites. Our system builds on vectors developed for rice (Miao et al., 2013 ) with modifications and enhancements to increase expression and transformation efficiency in P. patens. In the moss vector system, the sgRNA expression cassette resides in a Gateway entry vector (Invitrogen) and consists of the PpU6 promoter followed by DNA encoding the sgRNA (Figure 2a ). The protospacer sequence is easily modified to target a specific genomic locus. Two reverse-complementary oligonucleotides containing a custom protospacer sequence are annealed together and directionally ligated into an entry vector that has been linearized by two BsaI sites (Figure 2b ). Using site-specific recombination, the ligated entry vector recombines with a destination vector containing the Cas9 expression cassette in which Cas9 expression is driven by the maize ubiquitin promoter to create a final expression vector containing both components. We chose to use the maize ubiquitin promoter as this is a well-documented promoter for high-level expression in moss (Bezanilla et al., 2003; Saidi et al., 2005) .
For maximum flexibility, we generated three destination vectors comprising different antibiotic resistance genes for selection in plants (Figure 2c ). To target multiple genomic sites in one transformation, we took advantage of Multisite Gateway (Invitrogen), which enables directional stitching of up to four DNA fragments. We generated Multisite Gateway entry vectors enabling construction of a single expression vector that expresses Cas9 and up to four unique sgRNAs simultaneously ( Figure 2d ). Taking advantage of co-transformation and simultaneous selection with hygromycin, G418, and Zeocin this vector system could target up to 12 different genomic sites.
| Targeting multiple, distant genomic sites
To test successful targeting of multiple genomic sites in one transformation, we designed protospacer oligos to target six genomic sites (site 1: Pp3c8_18830V3.1; site 2: Pp3c18_4770V3; site 3: (Figure 3a ). Protoplasts were subsequently co-transformed and selected for both expression constructs. We subsequently genotyped the remaining plants using T7 endonuclease, an enzyme that recognizes and cleaves regions of mismatching bases present in dsDNA. Thus, indel mutations can be easily detected when the DNA to be tested is annealed to wild-type DNA. To start, we screened 24 plants at site #1 and site #4. In these 24 plants, we were unable to obtain T7 cleavage at site #1. However, 15 plants resulted in T7 cleavage at site #4. We sequenced these plants and confirmed the presence of indel mutations in all 15 plants, 6 plants of which contained frameshift mutations (Figure 3b ). We subsequently screened the remaining sites (sites #2, #3, #5, and #6) in these 6 plants and found edits at sites #3, #5, and #6, but not at site #2 (Figure 3b ; Figure S2 ). Taken together, these results provide evidence that sgRNA expression from two separate vectors enables targeting of multiple genes in a single transformation event. 
| Targeting adjacent genomic sites can result in large deletions
The ability to target a region with multiple sgRNAs has been shown to be beneficial in creating knockout mutations and large deletions in other plant systems, including soybean (Cai et al., 2018) (Gao, Chen, Dai, Zhang, & Zhao, 2016; Ordon et al., 2017) , and Nicotiana benthamiana (Ordon et al., 2017) , as well as in human cells (He et al., 2015) , zebrafish (Xiao et al., 2013) , and yeast . Protospacer sequences have variable probabilities of producing out-of-frame mutations, depending on the surrounding microhomology in the genomic DNA available
F I G U R E 3 (a) A schematic showing the directional Multisite Gateway LR recombination reactions between entry clones containing the sgRNA expression cassette and each destination vector to create two final expression constructs (final plasmid maps are drawn to scale). (b)
A table showing the genotyping results of 6 plants regenerated from protoplasts that were transformed with both plasmids simultaneously. Plants were initially screened by a T7 endonuclease assay. "T7-" indicates that T7 endonuclease was unable to recognize a mismatch when transformant gDNA was paired with WT gDNA. Blue-shaded cells indicate sequencing was performed on that site. Bolded sequencing results with identical values in the same column indicate identical edits at that site. For sequencing data, see Figure S2 . The site #3 amplicon in plant 20 is ~200 bp smaller than the wild-type amplicon for microhomology-mediated end-joining repair (Bae, Kweon, Kim, & Kim, 2014) . Additionally, an indel that would cause a frameshift mutation in a protein-coding gene may not disrupt the function of noncoding DNA. To increase the chances of making knockout mutations and easily visualizing them on a gel, it may be beneficial to excise a region of the gene using two sgRNAs. To test this, we de- In this case, the cleavage of both target sites did not result in complete excision. Similarly, plant #5 was also targeted by both sgRNAs, though it only resulted in a total deletion of 8 bp. Plant #6 was only targeted by sgRNA-8, and plant #7 was not edited (Figure 4a , gene models).
We performed a similar experiment on a different gene 
| Generating vectors for homologydirected repair
Homology-directed repair is an endogenous pathway that repairs DNA double-strand breaks using an available DNA template that shares regions of homology on both sides of the break site (Moynahan & Jasin, 2010) . Using CRISPR/Cas9, homology-directed repair can be exploited by supplying a DNA donor template together with the Cas9 enzyme and the sgRNA to repair the targeted region with extreme accuracy. To test for Cas9-induced homology-directed repair in moss, we designed a strategy to insert sequences encoding for mEGFP (Vidali et al., 2009 ) at the 3′ end of Pp3c22_1100 (Figure 5a ). We identified a protospacer sequence that spanned the junction between the coding region and the 3′ UTR of Pp3c22_1100, which was an ideal site to target cleavage by Cas9. We generated entry clones containing homology fragments upstream and downstream of the desired insertion site (Figure 5b) and subsequently recombined them to generate the DNA donor vector containing the 5′ homology, mEGFP, and 3′ homology fragments ( Figure 5c ). We co-transformed the Cas9/sgRNA co-expression vector and the DNA donor vector into protoplasts. Genotyping 
| Cas9 cleaves genomic DNA in the presence of competing plasmid DNA in moss cells
To perform precise genome editing using CRISPR-induced homology-directed repair, it may not always be possible to identify a protospacer sequence with high specificity near the desired editing site. Preserving the genomic sequence between the protospacer target site and the desired editing site necessitates the presence of the protospacer sequence within the DNA donor template, which is problematic. First, we reasoned that saturating amounts of DNA donor template containing the protospacer sequence might titrate away Cas9 from cleaving the genomic site. And second, the Cas9 enzyme could potentially cleave the plasmid DNA, rendering the DNA donor template inoperable during repair.
To test whether cleavage of a genomic site is possible in the presence of a DNA donor template that contains the protospacer sequence, we designed the following experiment. We generated a vector (pMK-Cas9-Hyg) expressing Cas9 and a sgRNA designed 
| Cas9 cleaves plasmid DNA in moss cells
Given that genomic sites were still accessible to Cas9 cleavage even in the presence of donor template DNA harboring the same target site, we wondered if Cas9 could cleave plasmid DNA in moss cells. To test this, we compared the viability of plants co-transformed with a hygromycin-resistant plasmid (pGL2 as described in Bilang, Iida, Peterhans, Potrykus, and Paszkowski (1991) the PAM in the DNA donor template should help to achieve accurate homology-directed repair. To test this, we designed a strategy to insert a gene encoding mRuby2 between the 5′ untranslated region and the beginning of the coding region of Pp3c16_8300. In this case, the protospacer targeting sequence resides within the coding region and the DNA donor plasmid, therefore, contains the protospacer sequence within the 3′ homology fragment (Figure 7a ).
We altered the DNA donor template to create a silent mutation within the protospacer sequence 3 bp from the PAM (5′ NGG 3′) (Figure 7b ). We co-transformed protoplasts with the Cas9/sgRNA co-expression plasmid and either the mutagenized or unmutagenized DNA donor template. As expected, we were unable to detect any homology-directed repair events in plants transformed with the DNA donor template containing the protospacer sequence 
| D ISCUSS I ON
The ability to precisely edit the genome has been shown to be extremely reliable and rapid using CRISPR/Cas9 in a variety of organisms (Malzahn et al., 2017; Sander & Joung, 2014) . Based on modifications of the vectors described by Miao et al. (2013) We have also demonstrated that the native P. patens U6 promoter is highly efficient at expressing the sgRNA in comparison with the rice U3 promoter and therefore have included it in our vector system. Additionally, we have described an approach to rapidly generate DNA donor templates for homology-directed repair using a three-fragment Multisite Gateway reaction (Invitrogen).
As expansion of gene families is common in Physcomitrella patens (Lang et al., 2018; Zimmer et al., 2013) , multiple family members can be targeted in a single transformation, eliminating repetitive and prolonged procedures. We have demonstrated the ability of our vector system to perform multiplex editing by targeting six different genomic sites in a single transformation using two expression vectors. In this test case, four of the six genomic sites were successfully edited. The absence of edits in two of the sites could be explained by differences in protospacer efficiency.
Multiplexing is not solely limited to different genes, as multiple sgRNAs can be used to target a single region. This has been shown to be successful in creating gene deletions as well as large-scale chromosomal deletions (Cai et al., 2018; Hao et al., 2016; He et al., 2015; Mali et al., 2013; Xiao et al., 2013) . In our case, we tested the ability to create easy-to-detect knockout mutations using two sgRNAs separated by ~200 and ~500 base pairs in protein-coding genes. Indeed, visible deletions were detected in both cases, but at relatively low frequencies. Additionally, we were unable to obtain complete removal of the intervening region which may result from differences in protospacer efficiency. It is possible that one Cas9:sgRNA complex cleaved one site more than the other site, and/or that one site repaired before the other site was cleaved.
Induction of homology-directed repair by Cas9-mediated double-strand breaks has been shown to be highly successful in P. patens (Collonnier et al., 2017) . Traditionally, homology-directed repair has been used in P. patens for decades in which a linear template containing regions of homology flanking a selectable marker is transformed into protoplasts and is integrated into the genome (Kamisugi & Cuming, 2009; Prigge & Bezanilla, 2010) . In this case, stable integration of a selectable marker is used to isolate recombinant plants.
However, integration of a selectable marker can limit genetic manipulation: N-terminal protein tagging at an endogenous gene locus is challenging due to the placement of the selection cassette, and in other instances, loxP "scar" sequences remain after successful removal of the selection cassette upon expression of the Cre recombinase (Sander & Joung, 2014) . In the latter case, it should be noted that removal of the selection cassette requires transient expression of Cre and therefore takes substantially longer to obtain the desired modifications. CRISPR-induced homology-directed repair is a way to combat these issues in which the selection cassette is transiently expressed from the Cas9-sgRNA expression vector. Thus, there is no need to remove it from the genome, opening the ability make extremely precise alterations to the genome.
CRISPR-induced homology-directed repair in plants has been successful using ssDNA oligos (Shan et al., 2013; Svitashev et al., 2016 Svitashev et al., , 2015 , linear dsDNA (Schiml et al., 2014; Sun et al., 2016) , and circular (Butler et al., 2016; Čermák et al., 2015; Gil-Humanes et al., 2017; Li et al., 2013; Svitashev et al., 2015) DNA donor templates. Here, we demonstrated the ability to perform highly efficient gene tagging of Pp3c22_1100 using a circular donor template constructed with Multisite Gateway (Invitrogen). Due to the high rate of success, we constructed a variety of second-fragment entry vectors compatible with three-fragment Multisite Gateway recombination (Invitrogen)
for rapid cloning of fluorescent protein-tagging constructs (Figure 5e ).
These flexible, modular vectors provide a streamlined system to rapidly generate DNA donor plasmids that will enable tagging the same gene with single, double, triple, red, or green fluorescent proteins.
Homology-directed repair experiments are not solely limited to gene knock-in, however. Because moss plants can be propagated asexually, it is possible to use homology-directed repair to rapidly generate the same allele in different genetic backgrounds without the need to perform genetic crosses. Additionally, homology-directed repair can be used to create clean and easy-to-detect knockout mutants:
we constructed a "stop cassette" entry vector containing a multiple cloning site with stop codons in each reading frame. In this way, knockout mutants can be readily detected by a simple shift in band size.
Generating knockout mutants solely with Cas9 and sgRNA is feasible, but may be less efficient due to the possibility that the surrounding microhomology could favor in-frame repair (Bae et al., 2014; Chang et al., 2017) . Nevertheless, this latter approach may yield more variability in the different mutations created which could be beneficial in determining gene function. Thus, having all of these options available when performing CRISPR-mediated knockout or knock-in experiments gives us the ability to have tight control over the desired results.
A careful choice of protospacer is essential for successful homology-directed repair. Insertion of the mEGFP coding sequence between the Pp3c22_1100 coding and 3′ UTR regions did not contain the protospacer sequence on the DNA donor template. In this scenario, the protospacer was divided into two portions on the DNA donor template separated by the mEGFP coding sequence. In cases where this particular design is not possible, we performed a series of experiments to test whether Cas9 cleaves in cases where the protospacer sequence remains on the donor template. We validated that Cas9 cleaves plasmid DNA that contains a protospacer sequence in moss cells, rendering the DNA donor template useless during repair.
We also demonstrated that, while large amounts of DNA that contain the protospacer sequence are present within the cell, Cas9 retains the ability to cleave genomic DNA in moss cells. We have shown that these complications can be avoided by introducing a point mutation within the protospacer sequence present on the DNA donor template. In this case, a silent mutation 3 bases from the PAM restored successful homology-directed repair events (Figure 7b ).
In conclusion, the CRISPR/Cas9 vector system presented here represents a powerful toolkit for rapid and efficient genome editing in the model moss Physcomitrella patens. Through nonhomologous end joining, CRISPR/Cas9 permits the study of essential genes by creating potential hypomorphs as well as of nonessential genes by creating allelic variants. Through homology-directed repair, sequences can be precisely inserted or removed with co-transformation of a DNA donor template constructed in vitro. The simple and modular design of our vector system allows fast vector construction. Additionally, editing of large gene families in a single, transient transformation is achievable in a short timeframe. Furthermore, due to the modular design, our CRISPR/Cas9 vector system could be employed in other organisms keeping in mind that rates of homology-directed repair could be lower and species-specific modifications to promoter sequences would likely be required.
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